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In this paper, numerical simulation is developed in order to analyze the failure of a noncircular 
composite chainring, and teeth damage is especially detailed. Simulation consists of the chainring 
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ers are simulated. In order to validate the numerical simulation, the force–displacement curve is 
compared with the experimental results obtained on the same specimens used in the simulation. 
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behavior, while the damage scenario depends on it. The damage consists of matrix cracking located 
on the teeth surface. Finally, the thickness can be reduced to 9 plies lay-up and even if the damage 
is larger, it is always located on the teeth surface.




WULHV ,QGHHG WKDQNV WR WKHLU PHFKDQLFDO SURSHUWLHV LH KLJK PRGXOXV DQG VWUHQJWK
DQG ORZ GHQVLW\ JDLQ RIPDVV LV H[SHFWHG$OWKRXJK&)53 SUHVHQW EHWWHU SURSHUWLHV
WKDQ DOXPLQXP LPSDFW %RXYHW DQG 5LYDOODQW  5R]\OR HW DO  DQG HGJH













2 Thanawarothon et al.
6SRUW LQGXVWU\ XVHV PRUH DQG PRUH FRPSRVLWH PDWHULDOV LQ RUGHU WR LQFUHDVH WKH
VSHFL¿FVWUHQJWKRIWKHHTXLSPHQW&)53WHQQLVUDFNHWVDQGEDVHEDOOEDWVDUHUHSODFHG
E\ZRRG %URG\ &DUERQHSR[\JROI FOXEV DUH XVHG WR UHGXFH WKHZHLJKW DQG
WRLQFUHDVHWKHEDOOH[LWYHORFLW\6ODWHUHWDO6QRZERDUGLQJVXU¿QJDQGRWKHU
ERDUGVSRUWV WDNH DGYDQWDJH RI D FRPSRVLWH PDWHULDO WR LQFUHDVH WKH VWL൵QHVVZHLJKW
UDWLR&OLIWRQHWDO3HUIRUPDQFHRISURIHVVLRQDOELNHLQFUHDVHGE\XVLQJ&)53
LQVWHDGRIDOXPLQXPWRREWDLQDKLJKVWL൵QHVVDQGVWUHQJWKIUDPHDWORZZHLJKWV-LQ
&KHH DQG:X  ,Q WKH ODVW GHFDGH ELNHZKHHOV VWDUWHG DOVR WR EH SURSRVHG LQ
&)53 WR UHGXFH WKHZHLJKW DQG WR SURYLGH VPRRWKHU ULGH 3HWHU 1RQFLUFXODU
FKDLQULQJV DOORZ RQH WR LQFUHDVH WKH SRZHU RXWSXW ZKLOH F\FOLQJ DQG WKHUHIRUH WKH\
KDG VKRZQ LQWHUHVW %LQL DQG 'DJRHVH  5DQNLQ DQG 1HSWXQH  ,QGHHG
%:LJJLQVDQG&)URRPHZRQ7RXUGH)UDQFHZLWKDQRYDO ULQJV LQDQGZLWK
DQ RV\PHWULF FKDLQULQJ VLQFH  UHVSHFWLYHO\>Q1@ &KDLQULQJ LV FRPPRQO\ PDQ-
XIDFWXUHG RI DOXPLQXP DOOR\ EXW UHFHQWO\ D QRQFLUFXODU FDUERQ FRPSRVLWH FKDLQULQJ
PDGHRIFDUERQZRYHQHSR[\SOLHVZDVH[SHULPHQWDOO\VWXGLHG7KDQDZDURWKRQHW
DO7KHUHVXOWVVKRZHGWKDWXQGHUTXDVLVWDWLFWHQVLRQWKHPHWDOOLFFKDLQ¿UVWO\
IDLOHG/RZYHORFLW\ORZHQHUJ\ LPSDFWRQ WKH WHHWKZDVDOVR LQYHVWLJDWHGDQGIRUDQ
HQHUJ\KLJKHUWKDQ-GHODPLQDWLRQVZHUHREVHUYHGE\&6FDQ




WRRO WR RSWLPL]H QRQFLUFXODU FRPSRVLWH FKDLQULQJ ,Q RUGHU WR YDOLGDWH WKH )($ FRQ-
VWUXFWLRQ WKH VLPXODWLRQ LV FRPSDUHG ZLWK H[SHULPHQWDO UHVXOWV REWDLQHG SUHYLRXVO\
E\ WKHVDPHDXWKRUV7KHQQRQFLUFXODULW\H൵HFW LV LQYHVWLJDWHG WKURXJK WKUHH ORDGLQJ
FDVHV)LQDOO\ WKDQNVWR WKHVLPXODWLRQ WKHVWDFNLQJLQÀXHQFHLVSURSRVHGWR¿QGWKH
EHVWOD\XS
2. MODEL CONSTRUCTION AND VALIDATION
2.1  Chainring and Chain
1RQFLUFXODUFRPSRVLWHFKDLQULQJZLWK WHHWKDUHVWXGLHG LQ WKLVSDSHU )LJ7KH
UDGLXVRIWKHQRQFLUFXODUFKDLQULQJGHSHQGHGRQWKHDQJOHș7DEOH7KHWHHWKGHVLJQ
SURSRVHGE\:DQJLVXVHGIRU WKHFKDLQULQJ:DQJHWDO7KHFKDLQFRQVLVWHG
RI UROOHUV LQQHU DQG RXWHU SODWHV )LJ  DQG LW LV SURYLGHG E\ 65$0 UHIHUHQFH
3& 7KH IDLOXUH RI WKH FKDLQ LV JLYHQ IRU D IRUFH RI  1 E\ WKH PDQXIDF-
WXUHU65$07KHUROOHUGLDPHWHULVPPLQDQGWKHFKDLQSLWFKLV
PPLQ
7KH DLP RI WKH VLPXODWLRQ LV WR GHWHUPLQH WKH IDLOXUH VFHQDULR RI WKH QRQFLUFXODU
FRPSRVLWHFKDLQULQJ7KH)(PRGHOFRQVLVWHGRIWKHFKDLQULQJDQGDSDUWRIWKHFKDLQ
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TABLE 1:5DGLXV RI WKH QRQFLUFXODU FKDLQULQJ
$QJOHș >@ R >PP@ $QJOHș >@ R >PP@ $QJOHș >@ R >PP@
     
     
     
     
     
    — —
    — —
FIG. 1:&RPSRVLWHDQGPRGHORIQRQFLUFXODUFKDLQULQJ
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PDLQO\ FRQFHQWUDWHG RQ WKH ¿UVW VHYHQ WHHWK +XR HW DO  7KXV LQ WKLV SDSHU
WKH¿UVWHOHYHQUROOHUVZHUHVLPXODWHGLQRUGHUWRUHGXFHWKHFRPSXWLQJWLPH)LJ
0RUHRYHU WKHPHVK DURXQG WKHVH HOHYHQ UROOHUVZDV UH¿QHG WR REWDLQPRUH DFFXUDWH
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GLWLRQ LV DSSOLHG )LJ 1RUPDO EHKDYLRU LV XVHG DV FRQWDFW SURSHUW\ LQ$%$486
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FKDQLFDO VWUHQJWK RI QRQFLUFXODU FKDLQULQJ DQG VR WKH IULFWLRQ EHWZHHQ WKH WHHWK DQG
WKH FKDLULQJ LV QRW FRQVLGHUHG 'XH WR WKH VKDSH RI WKH QRQFLUFXODU FKDLQULQJ WKUHH
FKDLQSRVLWLRQVDUHLQYHVWLJDWHG)LJ7KHFKDLQLVDVVXPHGWREHVWUHWFKHGDQGWKH
WDQJHQWLDOORDGLQJUHSUHVHQWLQJLWVWHQVLRQIRUFHLVDSSOLHG
2.2  Materials Properties
7KHFKDLQLVPDGHRIVWHHO7DEOHZKLOHFDUERQWZLOOZRYHQHSR[\LVXVHGIRU
WKHFKDLQULQJ7DEOH7KHFKDLQULQJFRQVLVWVRISOLHVRIPPHDFKZLWK WKH
IROORZLQJ VWDFNLQJ >@ JLYHQ D FKDLQULQJ WKLFNQHVV RI
PPDIWHUPDQXIDFWXULQJ)LJ
$V GHODPLQDWLRQZDV QRW REVHUYHG LQ SUHYLRXV H[SHULPHQWV RQO\¿EHU IDLOXUH DQG
PDWUL[ FUDFNLQJ DUH PRGHOOHG WKDQNV WR WKH QRQOLQHDU PRGHOLQJ )DLOXUH FULWHULD DV-
VRFLDWHG WR IDLOXUHPRGHVDUHXVHG &DPDQKR7KXV¿EHU IDLOXUH LVFDOFXODWHG




V  V  
TABLE 2: 6WHHO SURSHUWLHV $]R0DWHULDOV 
Material E >*3D@ Ș ıy >03$@ ȡ >NJP3@
+666WHHO    


























Noncircular CFRP Bicycle’s Chainring. Part II
 tf t
t







W W  W  
ZKHUHılıtĲltDQGĲtzDUHUHVSHFWLYHO\WKHORQJLWXGLQDODQGWUDQVYHUVHVWUHVVWKHVKHDUVWUHVVLQWKHl tSODQHDQGWKHVKHDUVWUHVVLQWKHt zSODQHHYDOXDWHGLQWKHQHLJK-
ERULQJYROXPHHOHPHQWV f ttV  LVWKHWUDQVYHUVHIDLOXUHVWUHVVLQWHQVLRQDQG fltW  LVWKHIDLOXUH VKHDU VWUHVV7KHVHFULWHULDDUHDVVHVVHGDW HDFK WLPH LQFUHPHQW DQGZKHQ WKH 
ORQJLWXGLQDO RU WUDQVYHUVH VWUHVV UHDFKHV WKH DVVRFLDWHG VWUHQJWK WKH IROORZLQJ VWL൵-
QHVV PDWUL[ SDUDPHWHU EHFRPH ]HUR 4 4 DQG 4 IRU WKH ORQJLWXGLQDO GLUHFWLRQ DQG 4 4 DQG 4 IRU WKH WUDQVYHUVH GLUHFWLRQ )RU PDWUL[ FUDFNLQJ 4 DQG 4 EHFRPH]HUR)DLOXUHPRGHVFDQEHSUHGLFWHGE\WKHVHFULWHULDDQGWKHUHIRUHDSURJUHV-
VLYHGDPDJHDQDO\VLVFDQEHDGHTXDWHO\XVHG7KXVWKH)(PRGHOHPSOR\VH[SOLFLWLQ-
WHJUDWLRQVFKHPHLQ$%$486([SHULPHQWDOUHVXOWVRQWKHVDPHQRQFLUFXODUFKDLQULQJ 
VKRZHG D OLQHDU EHKDYLRU XQWLO D IRUFH RI  1 ZKHUH WKH FKDLQ VWDUWV GDPDJLQJ 
7KDQDZDURWKRQ HW DO  ,Q WKH SUHVHQW SDSHU DQ DQDO\VLV LV UHDOL]HG XQWLO WKH 
FKDLQGDPDJHDQGWKHUHIRUH WKHFKDLQEHKDYLRU LVPRGHOHGXVLQJWKH LVRWURSLFHODVWLF 
ODZVEHKDYLRUV&RPSRVLWHFKDLQULQJSURSHUWLHVDUHSURJUDPPHGXVLQJ)2575$1DQG 
LQSXWWR$%$486LQWKHIRUPRIDµXVHUPDWHULDO¶980$7VXEURXWLQH
2.3  Model Validation
,Q RUGHU WR YDOLGDWH WKH VLPXODWLRQ WKH IRUFH±GLVSODFHPHQW FXUYH REWDLQHG IURP WKH 
VLPXODWLRQ LV FRPSDUHG WR WKH H[SHULPHQWDO UHVXOWV REWDLQHGRQ WKH VDPHQRQFLUFXODU 
FRPSRVLWH FKDLQULQJ IRU FDVH  RQO\ 7KDQDZDURWKRQ HW DO 7KH VLPLODULW\ RI 



















3. RESULTS AND DISCUSSIONS




¿UVW UROOHUDQG WKH¿UVW WRRWK7KHQ WKH IRUFHRVFLOODWHVGXH WR WKHVXFFHVVLYHFRQWDFW
EHWZHHQ WKH ¿UVW ¿YH UROOHUV DQG WKH DVVRFLDWHG WHHWK  'URS RI IRUFH REVHUYHG
H[SHULPHQWDOO\ )LJ  LV GXH WR WKH FRQWDFWRI UROOHUV IURP WKHWK WRWKZLWK WKH
FKDLQULQJ
'XH WR WKH SUHVVXUH RI WKH UROOHUV RQ WKH WHHWK WHHWK IDLOXUH FRQVLVWV RQO\ RIPD-
WUL[FUDFNLQJJLYHQE\(T 7KHUHIRUH¿UVW IDLOXUHDSSHDUV LQ WKH WRRWKZKHUH WKH
VKHDU VWUHVV LV WKHPD[LPXP )RU FDVH  IDLOXUH LQLWLDWHV RQ WKH WK WRRWK DQG WKHQ
SURSDJDWHVWRWKH¿UVWWRRWK7KH¿UVWIDLOXUHIRUFDVHDSSHDUVLQWKHQGWRRWKWKHQ
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WKHVDPHDUHD ,QGHHG WKHWKDQGQG WRRWKRIFDVHVDQG UHVSHFWLYHO\DUHERWK
ORFDWHGDW WKHEHJLQQLQJRI WKHFXUYHSDUWRI WKHQRQFLUFXODUFKDLQULQJ )LJ&DVH
SUHVHQWVDGL൵HUHQWEHKDYLRUZKHUHWKHWKWRRWK¿UVWO\IDLOV7KHQWKHIDLOXUHSURJ-
UHVVIURPWKHVWWRWKHWK&DVHVDQGVKRZD¿UVWIDLOXUHIRUDVLPLODUORDGZKLOH






TABLE 4: )DLOXUH VFHQDULR DQG DVVRFLDWHG IRUFH
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3.2  Stacking Effect
(൵HFW RI WKH OD\XS LV LQYHVWLJDWHG WKURXJK D VHFRQG  SOLHV VWDFNLQJ
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PDWUL[ FUDFNLQJ LV REVHUYHG RQO\ RQ WKH VXUIDFH RI WKH WHHWK LW LV WRR VPDOO WR KDYH
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TABLE 5: )DLOXUH VFHQDULR DQG DVVRFLDWHG IRUFH IRU >@ OD\XS
















)RXUWKWRRWKIDLOXUH 1 — —
(YROXWLRQRI WKHPDWUL[FUDFNLQJ LVVLPLODU WR WKRVHREVHUYHIRU WKHSUHYLRXVSOLHV
OD\XS)LJ
3.3  Thickness Effect
(OHYHQSOLHVFRPSRVLWHFKDLQULQJVKRZHGRQO\PDWUL[FUDFNLQJORFDWHGRQWKHWHHWKVXU-
IDFH7KHUHIRUHWKHQXPEHURISOLHVFDQEHUHGXFHGLQRUGHUWRPLQLPL]HWKHFKDLQULQJ
FRVW 'XH WR WKH FKDLQ VL]H UHGXFWLRQ RI SOLHV QXPEHU LV OLPLWHG7KXV H൵HFW RI WKH
QXPEHURISOLHV LV VWXGLHG WKURXJKDSOLHV VWDFNLQJ >@0RUHRYHUDVWKHORDGLQJFDVHGRHVQRWVKRZLQÀXHQFHRQO\ORDGLQJFDVHLVLQYHVWLJDWHG)LJ
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REVHUYHG IRUD ORZHU IRUFHDQGGXH WR WKH ORZHUQXPEHURISOLHV WKH WHHWKGDPDJH LV
ELJJHU )LJ  ,QGHHG IRU WKH  SOLHV VWDFNLQJ WKH IRXUWK ¿UVWV WHHWK DUH GDPDJHG
ZKLOHIRUWKHSOLHVVWDFNLQJRQO\WKHWKUHH¿UVWVVKRZPDWUL[FUDFNLQJ
'DPDJH SURSDJDWLRQ LQ WHHWK FDQ EH VWXGLHG IRU WKH  SOLHV OD\XS$V IRU WKH 
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4. CONCLUSIONS
,QRUGHUWRGHVLJQDQGRSWLPL]HQRQFLUFXODUFRPSRVLWHFKDLQULQJDQXPHULFDOVLPXOD-
WLRQKDVEHHQSURSRVHG WRGHWHUPLQH WKH IDLOXUH VFHQDULRRI WHHWK7KH FKDLQULQJ DQG
 UROOHUV RI WKH FKDLQ KDYH EHHQPRGHOHG XVLQJ DQ H[SOLFLW VLPXODWLRQ7KUHH ORDG-
LQJSRVLWLRQVZHUHSHUIRUPHGLQRUGHUWRVWXG\WKHH൵HFWRIWKHQRQFLUFXODUFKDLQULQJ









8QGHU TXDVLVWDWLF FRQGLWLRQ QRQFLUFXODU FRPSRVLWH FKDLQULQJ PDGH RI  SOLHV
GRHVQRW IDLO ,QGHHGRQO\ ORFDOPDWUL[FUDFNLQJDUHREVHUYHGRQ WKHFRQWDFW VXUIDFH
ZLWKWKHUROOHU7KHUHIRUHWKLFNQHVVFDQEHOLJKWO\UHGXFHGWRSOLHVLQRUGHUWRPLQL-
PL]HWKHFKDLQULQJFRVW+RZHYHUH[SHULPHQWVVKRZHGWKDW-ORZYHORFLW\LPSDFW
ORFDWHG RQ D WRRWK FUHDWHV GHODPLQDWLRQ WKDW FRXOG UHGXFH WKH ¿QDO VWUHQJWK RI WKH
QRQFLUFXODU FRPSRVLWH FKDLQULQJ 7KH ORZYHORFLW\ LPSDFW KDV WR EH LQYHVWLJDWHG RQ
SOLHVVWDFNLQJWRGHWHUPLQHWKHGDPDJH7KHSURSRVHGQXPHULFDOPRGHOLVFXUUHQWO\





5HYLHZBraz. J. Kinantropom. Hum. Perform.YRO14SS±
%RXYHW&DQG5LYDOODQW6'DPDJH7ROHUDQFHRI&RPSRVLWH6WUXFWXUHVXQGHU/RZ9HORFLW\,PSDFWLQ
9 6LOEHUVFKPLGW (GDynamic Deformation, Damage and Fracture in Composite Matererials and
Structures,:RRGKHDG3XEOLVKLQJSS±
%URG\+7KH3K\VLFVRI7HQQLV ,,,7KH%DOO±5DFNHW ,QWHUDFWLRQAm. J. Phys.YRO65SS±

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-LQ&KHH/LX7DQG:X+&)LEHU'LUHFWLRQDQG6WDFNLQJ6HTXHQFH'HVLJQIRU%LF\FOH)UDPHPDGH
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